This paper discusses the selection of tools in milling operations. To carry out this research, it has been developed an expert system hinged on numerical methods. The knowledge base is given by limitations in process variables, which let us to define the allowable cutting parameter space. The mentioned process variables are, instabilities due to tool-work-piece interaction, knowing as chatter vibration, and the power available in the spindle motor. Then, a tool cost model is contrived. It is used to choose the suitable cutting tool, among a known set of candidate available cutters, and to obtain the appropriate cutting parameters, which are the expert system outputs. An example is presented to illustrate the method.
Introduction
Machining, in particular milling operations, is a broad term used to define the process of removing material from a work-piece. Furthermore, the milling operation process planning is required, nowadays, to increase its productivity, reducing cost and improving the final product [1] . This paper brings forward the concept of selecting an appropriate mill cutter, among a known set of candidate cutters, and obtaining the adequate cutting parameters for milling operations through an expert system.
There are several versatile approaches for tool and/or cutting parameter selection based on expert systems on manufacturing environments. Wong and Hamouda [2] developed an on-line fuzzy expert system. The system inputs, the tool type, the work-piece material hardness and the depth of cut, and control the cutting parameters at the machine, as output. Cemal Cakir et al. [3] explained an expert system based on experience rules for die and mold operations. In that paper, the geometry and material of the work-piece, tool material and condition and operation type are considered as inputs. Then, the system provides recommendations about tool type, tool specifications, work-holding method, type of milling operation, direction of feed and offset values. Vidal et al. [4] focused on the problem of choosing the manufacturing route in metal removal process. They select the cutting parameters by optimising the cost of the operation taking into account various factors, such as, material, geometry, roughness, machine and tool. Carpenter and Maropoulus [5] designed a system, which provides reliable tool selection and cutting data for a range of milling operations. The method employs rule based decision logic and multiple regression techniques for a wide range of materials.
Here, the developed expert system consists of the relative compliance between the tool and the work-piece, and it is predicted with analytical methods. Moreover, time and frequency domain milling process simulations have been developed, which are, then, used in the expert system definition.
Then, the knowledge base is explained. Basically, it defines the allowable cutting parameters, which are known as cutting parameter space, for a given tool-workpiece configuration. It is based on the chatter vibrations avoidance, which limits the productivity of the process, and on a spindle power limitation criterion.
On the other hand, a novel tool cost function is designed. It depends on spindle power consumption, material removing rate (MRR) and on a stability criterion against possible perturbation in the spindle speed variable.
The MRR is a parameter which measures the process effectiveness. It is required to be as large as possible. But, if the MRR increases beyond certain limits, chatter vibrations are appreciated and the process becomes unstable [6] . Other variable which limits the process effectiveness is the power available in the spindle motor [7] . The third parameter taking part into the cost function is considered to ensure a well-posed behaviour of the system if a perturbation in the spindle speed happened.
In conclusion, the proposed cost function is a measure of how the milling process is being carried out at certain operation conditions. The larger the cost function, correspond to the worst operation condition. Thus, the cutter and cutting conditions which minimise the designed cost function are selected.
Then, the expert system takes tool characteristics, related tool-work-piece material parameters and milling operation as inputs and outputs the selected tool among the candidates and robust programmed cutting 
System description
A model, which represents the dynamic compliance between the tool and work-piece in milling processes, has been developed. In this case, it is predicted with analytical methods. The model assumes the cutter to have two orthogonal degrees of freedom and the workpiece to be rigid.
Dynamic model
The dynamic model of the milling cutter is assumed to be a system with one mode of vibration in each direction, x and y, while the feed direction is along the x-axis. The milling system under consideration is shown in figure 1 . The milling cutter has n t teeth, which are equally spaced. The dynamics of the system is given by the differential equations [8] (3) where kt is the specific cutting force parameter, b is the axial depth of cut and h is the instantaneous chip thickness. In addition, the radial force may also be expressed in terms of the tangential force as, fr = kr ft (4) where kr is a proportional constant. This cutting force model has been used by several authors [6] . The most critical variable in (3) is the chip thickness because it changes not only with the geometry of cutting tool and cutting parameters, but also with the uneven surface left by the previous passes of the cutting tool. This process is known as regenerative mechanism [6] .
The chip thickness is measured in the radial direction, with the coordinate transformation, Vj = -X sin Oj-y cos Oj (5) where y is the instantaneous angular immersion of tooth j measured clockwise from the normal Y axis (fig 1) . Since the system is excited by cutting forces that can not be expressed by simple analytic functions, the equations can not be integrated in a closed form. Hence, the 4th order Runge-Kutta method is employed to solve the differential equations (1) and (2) [8] . A simulation system, which reads the input data of cutting conditions, machine tool characteristics, and other related parameters, and outputs the forces and vibration displacements of chatter in milling has been developed.
Stability lobes
Projecting ftj and frj determined by equations (3) and (4) into x and y axis, taking into account that the static component of the chip thickness is dropped from the expression (6) , and summing for all teeth engaged and rearranging the above expressions (3) and (4) in matrix form, will yield to [2] : {fi} bkt [a ax ]{}Ax (8) where axx ¢ axy ¢ ayx, ayy can be easily obtained, and they are angular position dependent. Considering that the angular position of the parameters changes with time and angular velocity, equation (8) can be expressed in time domain in a matrix form as:
where {Ar (t)}= (x (t) -x (t -T), y (t) -y (t -T)).
The time directional dynamic milling force coefficients collected in A(t) are periodic function of the tooth passing period, T . Furthermore, A(t) can be expanded into a Fourier series. For the most simplistic approximation, the average component of the Fourier series expansion can be considered. The dynamic milling expression for milling force will be reduced to: For the case that the cross transfer functions of the systems are neglected, the characteristic equation will be reduced to a quadratic equation, and the eigenvalues A can be obtained [6] .
The critical axial depth of cut is calculated by substituting the obtained eigenvalue into equation (12): blm R (1K2) (13) where K = AI /AR is the division between the imaginary and real parts of the eigenvalue A.
Corresponding to the spindle speed Ns = 60/N * T (14) and the chatter frequency can be found [6] as: T = E + 2krT, where E = zT -29, and 9 = tan' K.
T is the spindle period, and k is the integer number of full vibration waves (i.e lobes), imprinted on the cut arc. The lobes are calculated, selecting a chatter frequency from transfer functions around a dominant mode, solving the eigenvalue equation (12), calculating the critical depth of cut from (13), calculating the spindle speed from (14) for each stability lobes, and repeating the procedure by scanning the chatter frequencies around all dominant modes of the structure [6] . The milling system representation, stability chars, force time response and force frequency response Figure 2 shows, the lobes char, and the analytical time and frequency domain response for a tool 2 system, which characteristics can be seen in section 5 c2measures the machine productivity, if the c2 is near to one high productivity is required, and if it is near to zero the productivity has no importance. The same reasoning is applied to the c3 , which measures the stability against possible perturbations in the spindle speed variable.
It has to take into account that the expert system, ensures that the spindle power consumption is always going to be smaller than the power available in the spindle motor, through Rule 1. Also, that the cutting parameter space has no problems due to chatter vibrations through Rule 2.
Then, a possible criterion leading to a process with acceptable productivity, which is the main objective of the milling processes, c2 about 0.75, and the other two constants will add 0.25, suitable values are cl = 0.1 and C2 =0.15.
Rule 4 : Tool selection criterion
A simple tool selection criterion for cutter selection has been developed. For a given values of cl,c2,c3, and a given tool characteristics, the cost function value is obtained for all the admissible input cutting parameter space. The minimum value of the cost function is saved. The procedure is repeated for all the available cutters. Comparing the minimum value of the cost function for all available or candidate cutters, the corresponding cutter to the minimum value of the minimum value of the cost function is the selected tool. Following the rules, the expert system provides an appropriate cutter among the candidates. figure 5 shows a scheme of the expert system. The developed expert system takes the ax and 8 constants, the tools' modal parameters such as its natural frequency, damping ratio, tool static stiffness, number of teeth, the radius of the tool, the helix angle, and the cutting constants for the work material and cutter (tools' characteristics), the spindle power available and the cost function weight factors, as inputs and outputs the appropriate tool among the candidates and robust programmed cutting parameters.
Example
For the validation of this method, the above study has been applied for two Figure 8 shows the situation in the stability lobes of the programmed point q**, the tool displacement and the power consumption. It is observed that the point is robustly stable and the power consumption is less than the power availability in the spindle motor, while acceptable MRR. This method can be applied to any number of selected tools generating in a automatic task the best one to be used in the system. Moreover, the method can be used to schedule the relative compliance between the available tools and the used work-pieces materials. Finally, the expert system can be used to optimise the manufacturing process, in the sense of planning the adequate sequence of work-pieces to be manufactured for each tool in order to minimise the changes of tools.
Conclusion
An efficient approach for mill cutter selection has been developed through an expert system. The expert system is instructed with the characteristics of the candidates tools, as well as with the stability margin and constrains of operations, such as, power availability and robust. Furthermore, a tool cost model function, built from the expert systems preliminary rules, is proposed to evaluate the possible performance of each candidate tool in milling process. This performance index is then used to select an appropriate tool and cutting parameters for the operation which lead to the maximum productivity, while respecting stability and power consumptions margins though optimisation rules. A simulation example which shows the behaviour of the system is presented.
